We report the infrared operation of a two-dimensional photonic crystal waveguide fabricated in silicon. Measurements of the transmission spectrum reveal a large transmission bandwidth within the 3.1 5.5-mm bulk-crystal photonic bandgap and a rich resonance structure. The calculated transmission spectrum for this structure is in good agreement with the measured spectrum and predicts a 10% single-mode bandwidth for the waveguide.
Since the conception of photonic crystals more than a decade ago, 1, 2 considerable interest has been shown in these materials and their ability to mold the f low of light. One of the main goals of the f ield, from both a fundamental and an applied perspective, has been the demonstration of single-mode light propagation in photonic crystal waveguides on a micrometer scale. If a linear defect is incorporated into a crystal, propagating modes confined within the defect can be created for frequencies within the photonic bandgap. A defect can therefore act as a waveguide, with the confinement achieved by means of the photonic bandgap and not by total internal ref lection as in traditional waveguides. Single-mode photonic crystal waveguides are expected to be one of the key elements of the all-optical microchip.
Following initial theoretical predictions of photonic crystal waveguides, 3, 4 experiments in the microwave regime 5, 6 demonstrated waveguide confinement and efficient transmission around sharp bends. However, to achieve the goal of an infrared optical circuit constructed from single-mode photonic crystal waveguides it is necessary to fabricate photonic crystal waveguides on a micrometer scale and make detailed measurements of their transmission characteristics. A step toward this goal was recently taken by Hanaizumi et al., 7 Baba et al., 8 and Tokushima et al., 9 who performed experiments in the infrared that demonstrated evidence of propagation in photonic crystal waveguides. However, although these studies provided an interesting demonstration of waveguiding, because of the low coupling eff iciency and the fact that the transmission spectrum lacked quantitative detail they did not address single-mode guidance. Our photonic crystals were fabricated in macroporous silicon by the well-known techniques described in Refs. 10-12. Lithography and alkaline etching were used to create pore nuclei in n-type silicon that were arranged in a two-dimensional triangular lattice with pitch a 1.5 mm. After etching, cylindrical pores with radius r 0.45 mm and a typical length of 100 mm were formed, inheriting the triangular order of the nuclei. The pore radius was widened by oxidation and wet-chemical etching to produce pores of radius r 0.64 mm. By leaving out a row of etch pits during the prepatterning stage we created a line defect in the crystal, forming a 1.1-mm thin waveguide cladded by the surrounding crystal. Figure 1 shows a typical scanningelectron-microscope image of a microstructured photonic crystal bar, with a waveguide oriented in the G K direction. The pores adjacent to the waveguide had a radius of r 0.75 mm and were slightly enlarged relative to the bulk crystal pores because of a local increase in a charge density (during etching, no carriers are consumed at the waveguide). The sample was mounted between two brass bars, and the cleaved edges of the substrate were coated with silver paint to prevent anomolous transmission within the substrate. The length of the waveguide used in the experiment was 27 mm (i.e., 18a).
To couple light into the narrow waveguide (with a subwavelength width) with reasonable efficiency, we required a spatially coherent source of mid-IR light. A parametric source 13 was used to produce a beam tunable from 3 to 6 mm, containing 200-fs pulses at a repetition rate of 250 kHz and a typical bandwidth of approximately 200 nm. The H -polarized beam was focused onto the sample by a 19-mm focal-length ZnSe lens to a spot size of approximately 25 mm. Because the waveguide width was 1.1 mm, this spot size provided a maximum coupling eff iciency of approximately 2%. 14 The transmitted light was passed through a monochromator, chopped, and detected with a pyroelectric detector and a lock-in amplif ier. The transmission is defined as the ratio of the transmitted power to the total power incident upon the sample.
Figure 2(a) shows the transmission spectrum of the G K-oriented waveguide. It was measured in 10 spectral segments, each corresponding to a different tuning range of the parametric source. Because of differences in spot size, alignment, and collection efficiency, the nomalization of neighboring segments could not be standardized. The spectrum exhibits a detailed structure of Fabry -Perot resonances with a transmission bandwidth nearly covering the entire width of the bulk-crystal photonic bandgap, which lies in the wavelength range 3.3 , l , 5.5 mm (the stop band in the G K direction lies in the range 3.1 , l , 5.5 mm, as was experimentally confirmed). The Fabry -Perot resonances arise from multiple ref lections of Bloch modes at the waveguide facets. The maximum finesse is 3.4 6 0.2, and the highest peak transmission is 2.2%.
The calculated H -polarized transmission spectrum for a waveguide with a length of 18a is shown in Fig. 2(b) . The r͞a parameters were taken to be 0.43 for the bulk-crystal pores and 0.50 for overetched pores adjacent to the waveguide, in agreement with measured waveguide parameters. The results exhibit the same resonance structure and broad bandwidth as the measured spectrum. 15 The calculated free spectral range of 1.34 6 0.04 THz is in excellent agreement with the measured value of 1.30 6 0.04 THz. The fact that the measured finesse compares well with (and in some spectral regions exceeds) the calculated finesse indicates that the losses are small.
Many of the features of the transmission spectrum can be understood in terms of the waveguide band structure 17, 18 shown in Fig. 3 . Guided modes with even and odd symmetry are shown by solid and dotted curves, respectively (the symmetry is def ined with respect to the vertical plane in the waveguide center, parallel to its axis). The shaded areas denote a continuum of modes and correspond to the projected band structure of the bulk crystal, where the propagating modes are no longer localized. As the incoming light has even symmetry, it couples only to the even waveguide modes. From Fig. 3 one observes that the even-mode transmission is single mode over a large spectral region that spans 0.37 , f , 0.46 c͞a. This observation is corroborated by the even spacing of the peaks in the measured and the calculated transmission spectra. However, to claim that the waveguide is single mode implies that only one mode, even or odd, exists over a given Fig. 1 with a length of 18a. Fig. 3 . Computed H -polarized band structure of the waveguide shown in Fig. 1 . Solid and dotted curves correspond to even and odd modes, respectively. The bands at the right (labeled with arrows) appear to be due to the overetched pores on either side of the waveguide. The shaded areas correspond to the projected band structure of the bulk photonic crystal. spectral range. The band structure reveals that, for 0.37 , f , 0.41 c͞a, there exists only a single, even mode and no odd modes. Of course, it is difficult to prove experimentally that, of an infinite variety of odd-order incident beam prof iles, none of them would experience transmission. However, based on the agreement between the calculated and the measured transmission spectra, we infer a large 10% single-mode bandwidth for the waveguide. Further corroboration of the agreement between theory and experiment is provided by the existence of an even-mode waveguide bandgap at a frequency near 0.45 c͞a, which can be observed in Fig. 2 as a stop Our results indicate that photonic crystal waveguides can effectively confine and guide light on a micrometer scale. To create an optical chip with a network of such waveguides will require further study of the eff icient propagation of light around bends and the use of an additional vertical confinement mechanism to provide total mode confinement. If bends were introduced into the two-dimensional waveguides studied here, coupling between even and odd modes would likely occur. However, within the spectral region 0.37 , f , 0.41 c͞a, the absence of odd modes would preserve single-mode operation. Furthermore, this single-mode bandwidth of 10% is much larger than the current optical communications bandwidth of 2%. We also note that, even though these waveguides were designed with a thick cladding layer of bulk crystal, it was shown recently 13 that only a few crystal rows are necessary for a high degree of conf inement. Finally, we point out that one can easily avoid the resonant spectral structure and the diffraction losses by eliminating the waveguide facets, i.e., by connecting the waveguide to other optical circuit elements directly.
In summary, we have measured the H -polarized transmission spectrum of a two-dimensional photonic crystal waveguide fabricated in macroporous silicon. The spectrum showed a detailed structure of Fabry-Perot resonances and a large transmission bandwidth. Calculations of the transmission spectrum and band structure accurately accounted for many of the observed features and predicted a 10% single-mode bandwidth. The results demonstrate the feasibility of single-mode photonic crystal waveguides operating in the infrared.
